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Magnetism in La82xSrxCu8O20: A hybrid system with localized one-dimensional Cu-O chains
and an itinerant three-dimensional Cu-O network
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The oxygen deficient perovskite La82xSrxCu8O20 is unique in that the system can be viewed as a hybrid of
parallel one-dimensional chains with localizedS51/2 spins and surrounding three-dimensional Cu-O network
with itinerant electrons. Forx&2.1, two successive phase transitions are observed, where complicated anoma-
lies appear in magnetic and transport properties. We discuss the roles of these two subsystems in the compli-
cated magnetism of the present compound.@S0163-1829~99!50746-7#
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Complex copper oxides crystallize in a variety of mod
fied perovskite structures. This structural variety gives rise
surprisingly rich physical properties, which has been prov
ing fresh fuel to the field of condensed-matter physics. Hi
Tc superconductivity is realized in layered cuprates w
two-dimensional CuO2 planes. One-dimensional~1D! cu-
prates with Cu-O chains such as Sr2CuO3 and SrCuO2 form
ideal 1D S51/2 Heisenberg antiferromagnets and give
unique opportunities to examine quantum spin liquid stat1

Stimulated by theoretical proposals,2 spin ladder compound
have been explored extensively and superconductivity
achieved in (Sr,Ca)14Cu24O41,3 though the connection be
tween the theoretical proposals and the observed super
ductivity is not yet evident.4

The oxygen deficient perovskite La82xSrxCu8O20 has
been known to be metallic but not superconducting.5 The
crystal structure of La82xSrxCu8O20, determined by Er-
Rakhoet al.,6 is shown in Fig. 1. The symmetry is tetrag
nal, with the lattice constantsa0510.840 Å andc053.861 Å
for x51.60.6,7 The essential difference from the original pe
ovskite structure is the presence of ordered oxygen vacan
running parallel to thec axis, which gives rise to arrays o
Cu-O units of CuO4 planar squares, CuO5 pyramids, and
CuO6 octahedra. In view of the oxygen coordination numb
it is highly likely that carriers are mainly doped into th
octahedral and the pyramidal sites, rather than the sq
sites. Using bond valence sum calculation,8 formal Cu va-
lences forx51.6 are indeed estimated to be12.4, 12.5,
and 12.1 for the octahedral, the pyramidal, and the squ
sites, respectively. The CuO6 octahedra are only slightly dis
torted and a substantial admixture of the Cu 3d3z22r 2 char-
acter at the Fermi level is expected. This will help to est
lish a sizeable coupling between the octahedral and
pyramidal sites, leading to a three-dimensional~3D! charac-
ter of doped holes predominantly spreading over the octa
dra and the pyramids. On the other hand, the square
with substantially fewer number of holes than the other t
sites would be insulating and can be viewed asS51/2
Heisenberg chains with a large antiferromagnetic intrach
couplingJ as usually found in corner-sharing Cu-O chain1
PRB 600163-1829/99/60~22!/15031~4!/$15.00
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This oxygen deficient perovskite is therefore very unique
that a hybrid of the 1DS51/2 Heisenberg chains and th
itinerant 3D Cu-O network is realized.

Since thedx22y2 orbitals of neighboring square and pyr
midal sites are orthogonal to each other, the spin chains
the itinerant electron system are only weakly coupled.9 How-
ever, this weak coupling may potentially have a substan
influence, because 1D spin Heisenberg chains are highly
sitive to small perturbations. Interplay between the localiz
moments on the chains and the conduction electrons
resultant magnetism may therefore be expected. In the p
magnetic and transport anomalies were reported forx;1.5
samples, but details have not been explored yet, partly
cause of the lack of homogeneous single crystall
samples.5 We therefore have grown a series of single cryst
of La82xSrxCu8O20 with well-controlled Sr contents and in
vestigated their transport and magnetic properties. We
served a presence of two distinct magnetic metallic phase
low temperatures and found systematic suppression of
transitions into these phases with increasingx from 1.5. We
discuss that the complicated magnetism very likely ori

FIG. 1. Perspective view of the crystal structure
La82xSrxCu8O20. The spheres depict La or Sr atoms, and the po
hedra depict Cu and surrounding O atoms. The dashed lines s
the unit cell. The atomic positions are taken from Ref. 6.
R15 031 ©1999 The American Physical Society
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nates from coexistence of and interplay between the lo
ized 1D chain spins and the 3D itinerant electrons.

Single crystals of La82xSrxCu8O20 in a range of
x51.50–2.24 were successfully grown by the travelin
solvent floating-zone~TSFZ! method.10 This compound is
reported to melt incongruently.11 We therefore used nonsto
ichiometric solvent with an empirically determined catio
ratio of La:Sr:Cu512x/8:x/8:3. The growth was performe
in oxygen under a pressure of 0.2–0.4 MPa, with a grow
rate of 0.5 mm/h. Thus obtained crystals had a cylindri
shape with typical dimensions of 4 mmf350 mm and ac
axis parallel to the rod axis.~On the cylinder, four facets ar
sometimes observed, reflecting tetragonal symmetry.! The Sr
contentx of the crystals was determined by the inductive
coupled plasma atomic emission spectroscopy~ICP-AES!.
Two sets of rectangular-shaped samples with@110# and@001#
along the longest dimension were cut from the crystal r
for anisotropic transport measurements. Resistivity was m
sured using a conventional four-terminal method. Magn
zation was measured using a superconducting quantum i
ference device~SQUID! magnetometer in magnetic fields u
to H55 T.

The transport and the magnetic properties of the sin
crystals with a representative compositionx51.60 are sum-
marized in Fig. 2. The top panel demonstrates
temperature-dependent resistivities with current paralle
the chain (i@001#) and perpendicular to the chain (i@110#),
r [001] and r [110] . As is evident from the figure, bothr [001]
and r [110] are metallic down toT52 K with a moderate
anisotropy ratio r [110] /r [001];8 –9. Therefore,
La82xSrxCu8O20 can be classified as an anisotropic 3
metal, revealing a presence of 3D network with itinera
electrons very likely originating from the octahedral and t
pyramidal sites. Two clear anomalies, indicative of pha
transitions, are observed atT5145 K (Tc1) and 85 K (Tc2),
which can be seen as kinks inr(T) in the top panel of Fig. 2.
At T5Tc1, the anomaly is more pronounced inr [001](T)
than in r [110](T), whereas, atT5Tc2, it is significant only
for r [110](T). No noticeable hysteresis as a function of te
perature was observed at these two transitions.

These two transitions manifest themselves in distinc
different ways in the Hall effect. The second panel of Fig
demonstrates the temperature dependence of the anisot
Hall coefficientRH,[110] andRH,[001] for x51.60, with mag-
netic field applied parallel to@110# and @001# and current
parallel to@001# and@110#, respectively. The sign was foun
to be negative for bothRH,[110] andRH,[001] , which contrasts
with that of the high-Tc layered cuprates with a similar hol
concentration. We observe a drastic change ofRH only at
Tc2;85 K. BelowT5Tc2 , RH,[110] andRH,[001] first show a
rapid decrease and increase, respectively, and then sat
eventually at theT50 limit. Any appreciable anomalie
were not observed atTc1;145 K for both RH,[110] and
RH,[001] . These contrasted behaviors inRH at the two tran-
sitions suggest that, while the transition atT5Tc1 mainly
originates from a change in the scattering channel, the t
sition atT5Tc2 is associated with a drastic reconstruction
the Fermi surface.

Pronounced and anisotropic anomalies in the magne
tion are observed both atT5Tc1 and Tc2, indicating that
these transitions are accompanied with magnetic orderi
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A preliminary muon spin relaxation (mSR) experiment in-
deed indicates a presence of ordered moments in the w
temperature range belowT5Tc1, including the range below
T5Tc2.12 The temperature-dependent magnetizations w
Hi@001# and @110# at H51 T, M [001] and M [110] , are pre-
sented in the bottom panel of Fig. 2.M [001] is almost
temperature-independent aboveT5Tc1. With decreasing
temperature, it shows an abrupt increase atT5Tc1 and then
shows an abrupt decrease atT5Tc2. As shown in the inset of
Fig. 3, in the temperature range betweenT5Tc1 and Tc2 ,
M [001] is nonlinear inH with small hysteresis, revealing a
existence of weak ferromagnetic spontaneous moments.
size of the moments is estimated to be;30 emu/mole f.u.
from linear extrapolation of the data at high fields, which
about 3 orders of magnitude smaller than those expected
Cu21 spins withS51/2 andg52. In the temperature rang
below T5Tc2 , M [001] is linear in H. In contrast,M [110] is
very weakly temperature dependent and shows kinks at
two transitions. We found thatM [110] is alwaysH linear at
any temperatures, in contrast withM [001] . These results in-
dicate that the metallic single crystals withx51.60 experi-
ence two successive magnetic transitions, first from a p

FIG. 2. Temperature dependences of the anisotropic~a! resistiv-
ity r, ~b! Hall coefficient RH, and ~c! magnetizationM of
La82xSrxCu8O20 (x51.60). The dashed lines represent the ma
netic transition temperaturesTc1 and Tc2 determined by the mag
netization measurements. A part wherer is affected by supercon
ductivity in La22xSrxCuO4 is not shown.
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magnet~PM! to a weak ferromagnet~WFM! at T5Tc1 and
then from the WFM to an antiferromagnet~AFM! at T
5Tc2.

These two magnetic phase transitions at low temperat
are suppressed by increasing Sr content and eventually
appear. In Fig. 3, the temperature-dependent magnetiza
for the single crystals with various Sr contents are shown.
clearly seen from the figure, two magnetic transition te
peratures, represented by an abrupt increase and decr
show systematic decrease with increasing Sr content f
x51.5, and eventually disappear. Abovex52.1, the magne-
tization is almost temperature independent and shows
trace of anomaly, indicating that a paramagnetic ground s
is finally realized. The doping dependence can be visu
summarized as a phase diagram in Fig. 4, which shows
transition temperatures obtained from the magnetiza
~shown in Fig. 3! together with those obtained from the r
sistivity and the Hall effect. The transition temperatures
defined as the kink temperatures for the resistivity and
Hall effect and the temperatures whereM [001] begins to in-
crease or decrease. The data are plotted in Fig. 4, only w
the transition is well defined. Although there exists a cert
ambiguity in defining the transition temperatures, all t
transition temperatures obtained from different sources a
reasonably, confirming all the observed anomalies co
monly originate from the two phase transitions. In the ph
diagram,Tc2 decreases rapidly with hole doping, suggest
of instability of the AFM phase. It is noticeable from th
phase diagram that, as a function of doping level, the gro
state changes from the AFM metal to the WFM metal ax
;1.7 and then to the PM metal atx;2.1 and that there exis
two magnetic critical points. The details of the critical b
havior will be discussed in the next paper.

The contrasted behaviors of the Hall effect between

FIG. 3. Temperature dependence of anisotropic magnetiza
M of La82xSrxCu8O20 with various Sr contents. The parts whereM
is affected by superconductivity in La22xSrxCuO4 in some samples
are not shown. The inset: magnetizationM [001] as a function of a
magnetic fieldH for x51.56 at two representative temperatures
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AFM and the WFM phases indicate that the appreciable
construction of the Fermi surface occurs only in the form
Therefore, to understand these two successive phase tr
tions as a function of temperature and doping level, it
natural to invoke explicitly the presence of two subsyste
expected from the unique crystal structure, namely hig
localized 1D Heisenberg chains and 3D networks of Cu
octahedra and pyramids with itinerant holes. Almo
T-independent magnetic susceptibility in the PM phase d
not contradict the presence of the chain with localized sp
since the 1D Heisenberg antiferromagnet shows a wea
T-dependent susceptibility belowT;J ~presumably;2000
K!. In this context, we propose the following scenario for t
observed phase transitions. In the AFM phase, the Fe
surface, with the predominant character of the Cu-O octa
dra and pyramids, experiences spin density wave~SDW! for-
mation and therefore is partially gapped, which gives rise
the drastic change of the Hall effect. It may be informative
infer that our preliminary neutron-diffraction study reveal
an appearance of incommensurate peaks only in the A
phase,13 which may arise from the Fermi surface nesting.
contrast, in the WFM phase, the highly localized 1D Heise
berg chains play a dominant role in the magnetic order
and the conduction electrons experience only a mod
change. It is natural that the 1D antiferromagnetic Heis
berg chains with a finite interchain coupling order antiferr
magnetically. With increasingx, it is likely that carriers are
finally doped into the 1D chains and the chains become i
erant, which results in the suppression ofTc1. The condition
of the Fermi surface nesting in the 3D itinerant electron s

n

FIG. 4. Phase diagram of La82xSrxCu8O20, determined by the
anomalies in magnetization, resistivity, and Hall coefficient.Tc1

and Tc2 denote magnetic transition temperatures. PM, WFM, a
AFM denote a paramagnetic metallic, a weakly ferromagnetic m
tallic, and an antiferromagnetic metallic phase, respectively. T
dashed lines are guides to the eye.
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tem would be sensitive to the hole concentration, which m
be related to the rapid suppression ofTc2.

Weak but finite coupling between the 1D chain spins a
the 3D electrons, which may affect the magnetism of
system seriously, is expected for the present system. In
ventional quasi-1D Heisenberg antiferromagnets such
Sr2CuO3, interchain coupling, necessary for magnetic ord
ing, originates from weak superexchange interaction. In c
trast, interchain coupling in the present system origina
partly from mediation by the 3D itinerant electron system
addition to the conventional weak superexchange interact
If the former interchain interaction with a dynamic charac
is dominant, the coherence and dynamics of magnetic or
ing along the inter- and the intrachain directions are expec
to be very anisotropic or substantially different. This uniq
coupling between the 1D spins and the 3D electrons m
also be related to the anomalous weakly ferromagnetic
ments, which appear only in the WFM phase, but not in
AFM phase.

In summary, we show a systematic study on magnetic
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transport properties of La82xSrxCu8O20 (x51.50–2.24!
single crystals. We found two sets of anomalies forx&2.1,
which correspond to successive magnetic transitions
weakly ferromagnetic metallic and antiferromagnetic met
lic phases. A significant feature in the weakly ferromagne
phase is an emergence of weak ferromagnetic mome
whereas that in the antiferromagnetic one is an anisotro
change of transport properties such as Hall effect, sugges
a drastic reconstruction of the Fermi surface. The transiti
into these magnetic phases are suppressed with increasix.
We propose that these complicated magnetic transiti
originate from a unique structural aspect of this oxygen
ficient perovskite, namely, a hybrid of parallel 1D Heise
berg chains with localizedS51/2 spins and a surroundin
3D Cu-O network with a substantial number of itinera
holes.

We are grateful to K. Yamaji, G. Aeppli, K. M. Kojima
T. Yanagisawa, Y. Shimoi, and T. Takimoto for stimulatin
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tion measurements.
ell.
his

t.

the

y

B

1N. Motoyama, H. Eisaki, and S. Uchida, Phys. Rev. Lett.76,
3212 ~1996!; K. M. Kojima et al., ibid. 78, 1787~1997!.

2E. Dagotto, J. Riera, and D. Scalapino, Phys. Rev. B45, 5744
~1992!.

3M. Ueharaet al., J. Phys. Soc. Jpn.65, 2764~1996!.
4T. Nagataet al., Phys. Rev. Lett.81, 1090~1998!.
5J. B. Torranceet al., Phys. Rev. Lett.60, 542~1988!; T. Tamegai

and Y. Iye, Physica C159, 181 ~1989!; T. Watanabe and A.
Matsuda, Jpn. J. Appl. Phys., Part 230, L985 ~1991!; Y.
Enomotoet al., Phys. Rev. B42, 6773~1990!.

6L. Er-Rakho, C. Michel, and B. Raveau, J. Solid State Chem.73,
514 ~1988!.

7Doubling ofc0 in a widex and temperature region is observed
x-ray- and electron-diffraction experiments, indicating the pr
ence of a structural transition@H. Yamaguchiet al., Physica C
282-287, 1079~1997!; F. Matsuhataet al., in Proceedings of the
14th International Congress on Electron Microscopy, edited by
H. Calderon and M. J. Yacaman~IOP, Bristol, 1998!, Vol. 2, p.
785. We found no traces of magnetic dimerization in magne
and transport properties at this structural transition temperat
-

c
e.

The magnetic orderings occur in the doubled structural unit c
We do not consider the effect of this structural transition in t
paper.

8I. D. Brown and D. Altermatt, Acta Crystallogr., Sect. B: Struc
Sci. B41, 244 ~1985!.

9The local structure in which the squares are sandwiched by
pyramids is similar to that in YBa2Cu3O7, where the hybridiza-
tion between their orbitals is very small@J. Yu et al., Phys. Lett.
A 122, 203 ~1987!#. For La82xSrxCu8O20, the distance between
a Cu atom at the pyramid~square! site and an O atom shared b
these two Cu atoms is 0.09~0.06! Å longer than that for
YBa2Cu3O7 @M. A. Beno et al., Appl. Phys. Lett. 51, 57
~1987!#, which would make their hybridization in
La82xSrxCu8O20 weaker.

10T. Ito, H. Yamaguchi, and K. Oka, Chin. J. Low Temp. Phys.19,
36 ~1997!.

11K. Otzschi, A. Hayashi, and Y. Ueda, J. Supercond.7, 73 ~1994!.
12T. Ito, K. M. Kojima, B. Nachumi, and Y. J. Uemura, Physica

~to be published!.
13T. Ito, C. H. Lee, M. Takahashi, and M. Arai~unpublished!.


